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1. Introduction {#sec1}
===============

The oceans, covering 71% of the Earth's surface, are a large source of atmospheric particles. Particles of marine origin are produced directly from the ocean surface and referred to as primary particles or indirectly via nucleation or condensation of low-volatility gas-phase molecules and referred to as secondary particles. Activity at the ocean surface leading to ejection of primary marine particles includes whitecaps, or sea spray initiated by wind shear, and the subsequent bursting of bubbles formed from the entrainment of air into the ocean water. The global annual mass emission of primary marine particles, or sea spray aerosol (SSA), is estimated to range from 2 × 10^12^ to 1 × 10^14^ kg yr^--1^, which is comparable to that of dust aerosol.^[@ref1]^

The conventional assumption that SSA consists primarily of sea salt has been challenged in recent years, particularly in the case of submicrometer particles, which may contribute over 90% of the particle number.^[@ref2]^ Studies of in situ samples (e.g., Cavalli et al.^[@ref3]^) and laboratory sea spray tank experiments (e.g., Keene et al.^[@ref4]^) have reported not only that submicrometer SSA particles contain organic matter but also that the organic fraction may increase with decreasing size, i.e., from a few percent for particles approximately 1 μm in diameter to \>70% for particles having a diameter of roughly 100 nm.^[@ref5]^ The question of organic enrichment has led to efforts to experimentally reproduce the formation of particles from bubble bursting using tanks in which bubble plumes are generated using various methods, including aeration through diffusers and plunging water jets.^[@ref4],[@ref6]−[@ref9]^

The potentially large fraction of organic matter in marine particles may alter our understanding of the role of marine particles in cloud formation. Marine particles are generally considered efficient cloud condensation nuclei (CCN), i.e., seeds on which water vapor can condense to form cloud droplets, due to their size and hygroscopicity.^[@ref10]−[@ref12]^ This implies that they have a large influence on cloud droplet number and size in the marine environment and hence on determinations of the aerosol indirect effect of marine particles. Current estimates of the global aerosol indirect effect are associated with large uncertainties,^[@ref13]^ and these may be attributed in part to a lack of sufficient knowledge about the background natural aerosol, such as SSA. Recent sea spray tank studies have investigated the CCN activity of particles produced from bubble bursting and have suggested that the effect of organic enrichment on CCN activity is not significant.^[@ref14],[@ref15]^ These results are not surprising since theoretical and experimental evidence show that even a small amount of salt has a dominant effect on CCN activity,^[@ref16]^ and an organic fraction greater than 50% in the particle phase may lead to no more than a subtle change in CCN activity.

In this work we address three factors that can affect CCN properties of particles produced from bubble bursting: 1) the composition of the inorganic fraction, 2) the bubble residence time within the water column, and 3) the bubble generation method and the presence of a foam layer on the water surface.

Given the considerable effect of small amounts of salt, a thorough understanding of CCN activity in the marine atmosphere requires a detailed study of the salt component. Although sea salt consists largely of NaCl, and is therefore often assumed to have similar properties, the minor constituents may alter its aerosol properties. Moreover, the measurement of CCN activity of pure NaCl is complicated by the variations in its morphology as a function of size and rate at which it was processed from a droplet to a crystalline particle.^[@ref17],[@ref18]^ In this study, we probe the morphologies and CCN activities of NaCl and artificial sea salt from various production methods, including the sea spray tank.

The use of sea spray tanks for aerosol studies has led to a number of publications during the past decade carrying significant climate implications. One concern is the effect of bubble residence time within the water column, which is much shorter in the laboratory setting than those produced by breaking ocean waves.^[@ref19]^ Fuentes et al.,^[@ref6]^ addressing this concern, calculated that the time required to reach equilibrium with respect to adsorption of organic matter on the air--water interface of bubbles is much shorter than typical bubble residence times in sea spray tanks. Here we report experimental results showing the impact of bubble residence time on size and CCN activity of submicrometer particles.

Finally, the effect of different bubble production methods (i.e., jet impingement and diffuser aeration) on particle physicochemical properties is investigated. Given the complexity of simulating sea spray in the laboratory environment, this study has been conducted in an effort to provide not only insight into CCN properties of sea spray aerosol but also knowledge that can be useful in the design of future studies.

2. Experimental Section {#sec2}
=======================

2.1. Particle Generation {#sec2.1}
------------------------

Particles were generated either by atomization or from bubble bursting. A TSI constant output atomizer (model 3076) was used for atomization of aqueous solutions. Bubble bursting was implemented in a stainless steel tank filled with artificial seawater, which comprised 18.2 MΩ-cm water with known concentrations of inorganic and organic solutes. The tank has a height of 44.5 cm and a diameter of 21.8 cm, and it was filled with 10 L of artificial seawater during experiments, thus giving it a headspace of approximately 5 L.

Bubbles were produced either by aeration through a stainless steel, small-pore diffuser placed within the water column of the tank or by a plunging jet. The jet nozzle was mounted such that the flow had a free fall distance of 13.5 cm directed at a 90° angle with respect to the water surface. A large body of literature can be found on the mechanisms and characteristics of plunging liquid jets.(e.g., refs ([@ref20]−[@ref23]))

Size spectra of bubbles produced using the two methods were measured using a mini-BMS (bubble measurement system).^[@ref24]^ The size spectrum shown in Figure [1](#fig1){ref-type="fig"} for bubbles produced using the diffuser at an air flow rate of 1.5 L min^--1^ and at a depth of 26.5 cm below water surface is representative of this type of bubble generation for air flow rates ranging from 0.25 to 2 L min^--1^. Two nozzle sizes (4 mm and 16 mm) were used to form a plunging jet, with the resulting bubble size spectra shown in Figure [1](#fig1){ref-type="fig"}, along with power law exponents corresponding to the descending portion of each spectrum. Similar to findings from previous sea spray tank studies,^[@ref6],[@ref8],[@ref25]^ we find that the shape of the jet-generated bubble spectra more closely resemble oceanic bubble size spectra, as determined by power law exponents. Derived roll-off of bubble concentration with respect to radius from the jet closely resemble the acoustic phase of air entrainment in plunging breakers, given in Dean and Stokes^[@ref26]^ as ∝ r^--1.8^ to r^--2.9^ per increase in radius below 1 mm. The steeper roll-off with increasing bubble diameter implies that the plunging jet in our laboratory could be replicating a slightly aged, acoustic phase plunging breaker.^[@ref26]^ Upon visual comparison of the bubble size distributions for the plunging jets and diffuser with oceanic bubble size distributions,^[@ref26]−[@ref28]^ we conclude that the plunging jet better simulates plunging breaking waves with respect to bubble plume characteristics.

![Bubble size distributions produced using the diffuser and the plunging jet in artificial seawater having a salinity (TMSS) of 35‰.](es-2012-00574u_0002){#fig1}

2.2. Materials {#sec2.2}
--------------

Artificial seawater solutions were prepared by dissolving either NaCl or artificial sea salt in deionized water. The sea salt proxies included a commercially available Tropic Marin sea salt (TMSS) and a mixture prepared in the laboratory (LSS) from analytical grade salts. Although the exact salt composition of TMSS was not made available, it was confirmed by the manufacturer that no organic compounds are present. The ionic mass ratios of Na^+^, Cl^--^, Mg^2+^, HCO^3-^, and SO~4~^2-^ in LSS were comparable to those in natural seawater (i.e., the salt mixture contained, by mass, 73.6% NaCl (Sigma Aldrich, \>99.5%), 14.5% MgCl~2~ (Sigma Aldrich, \>98%), 11.5% Na~2~SO~4~ (Sigma Aldrich, \>99%), and 0.4% NaHCO~3~ (Sigma Aldrich, \>99.7%)).^[@ref29]^

To generate mixed inorganic--organic particles during bubble-bursting experiments, a known amount of an organic compound was added to the artificial seawater in the tank. In a number of the experiments, salinity was reduced well below the average ocean salinity of 35‰ so that it would not dominate CCN activity, i.e., a reduction in CCN activity was useful for further analysis. The organic compounds used in this study were chosen for their similarity to organic matter typically found in ocean water, such as fatty acids and saccharides,^[@ref30],[@ref31]^ or for their surfactant properties. The following compounds were used: palmitic acid (PA, Sigma Aldrich, \>99%), sodium laurate (NaLa, Sigma Aldrich, 99-100%), fructose (Fr, Fluka, \>99%), mannose (Ma, Fluka, \>99.5%), sodium dodecyl sulfate (SDS, Sigma Aldrich, \>99%).

Fatty acid salts were included in this study because of their solubility, which is typically higher than that of the corresponding fatty acid. SDS is likely more surface-active than compounds found in the oceans, but it is used here to demonstrate the possible effect of a very strong surfactant.

2.3. Electron Microscopy {#sec2.3}
------------------------

Polydisperse particles produced from bubble bursting were sampled from the tank headspace and directed into a silica-gel diffusion dryer. Atomized particles were first mixed with dry, clean air before entering the dryer. A filter holder with a polycarbonate filter (Nucleopore, 0.1 μm pores) was used to collect the dried particles for scanning electron microscopy (SEM). Monodisperse aerosol populations were generated by passing the dried particles through a ^85^Kr bipolar charger and a differential mobility analyzer (DMA, TSI 3081) before filter collection. The filters were stored under clean and dry conditions to prevent contamination and adsorption of water layers. SEM images were obtained using a Quanta 200 FEG Environmental SEM (Center for Electron Nanoscopy, Technical University of Denmark), which was operated at an acceleration voltage of 5 kV, a spot size of 3 nm, and a working distance of 6 mm.

The collection method for analysis with transmission electron microscopy (TEM) was identical, with the exception that the dried particles were deposited onto Cu-TEM grids with carbon foil (Plano GmbH). Transmission electron microscopy was performed using a FEI CM 20 equipped with an Olympus Veletta CCD camera (Niels Bohr Institute, University of Copenhagen). The instrument was operated at 200 kV under high vacuum conditions.

The images were analyzed for aspect ratio (AR), which is a common parameter reported from two-dimensional image projections of particles, such as those from electron microscopy. It is defined as the ratio of the longest to the shortest dimension of a particle, calculated here by fitting an ellipse to the projected particle area and dividing the major by the minor axis.^[@ref32]^ Therefore, spherical particles have AR of 1, while particles with more cubic or rectangular shapes have AR greater than 1. AR has been used to quantitatively describe particle morphology in field and laboratory studies^[@ref33]−[@ref37]^ and has been included in a radiative transfer model of dust that incorporates nonsphericity corrections in its parametrization.^[@ref38]^

2.4. Measurement of CCN Activity and Size Distribution {#sec2.4}
------------------------------------------------------

The flow of particles exiting the silica-gel dryer was split to provide simultaneous size distribution and CCN measurements. All of the instruments following the dryer were contained in a temperature-regulated box, such that the sample temperature did not deviate significantly over the course of the experiments. Size distributions were collected using a scanning mobility particle sizer (SMPS, TSI 3936), where the DMA is preceded by a ^85^Kr bipolar charger and the sheath-to-aerosol flow ratio of the DMA was 10:1. For CCN measurements, a DMA (TSI 3081, preceded by a ^85^Kr bipolar charger) was used to select a monodisperse aerosol. The sheath and aerosol flow of the DMA were 10 L min^--1^ and 1.5 L min^--1^, respectively. The particles exiting the DMA were directed simultaneously to a condensation particle counter (CPC, TSI 3010, 1 L min^--1^) for measurement of total particle concentration and to the CCN counter (CCNc, Droplet Measurement Technologies, 0.5 L min^--1^). The experiment was automated using a Labview program designed for CCN measurements, in which a selected range of mobility diameters was scanned by the DMA at selected size and time intervals between each diameter. Scans over a range of CCNc supersaturations were also automated, such that each supersaturation was held constant for a complete scan of mobility diameters.

CCN activation curves are expressed as the ratio of CCN to CPC concentrations measured as a function of dry particle diameter at a fixed supersaturation. Each DMA scan through a complete range of dry diameters yields an activation curve, from which an activation diameter is calculated. Several methods of obtaining the activation diameter have been used in the literature; the method used in this study is based on the model described in Petters et al.^[@ref39]^ This model calculates the transfer function of an ideal DMA and the fraction of multiple-charged particles that pass through the DMA as part of the quasi-monodisperse population that is sampled by the CCNc. An inversion procedure is used to find the activation diameter that yields the best fit of the measured activation data. Figure S1 in the [Supporting Information](#notes-2){ref-type="notes"} shows some fitted activation curves of atomized ammonium sulfate particles, which were used for calibration of the instrument.

The calibration procedure of the CCNc is similar to those previously described (e.g., Rose et al.^[@ref40]^), which consists of relating the thermal gradient of the continuous-flow CCNc with the corresponding supersaturation using linear regression. Supersaturation is calculated from the activation diameters of ammonium sulfate using the Aerosol Inorganics Model (AIM)^[@ref41],[@ref42]^ to estimate water activity. The thermal gradient is calculated from the reported temperatures in the column and averaged over the measurement period. Averaging of the thermal gradient is also used with experimental measurements, thus any small changes in the temperature control of the CCNc column are accounted for. Moreover, the placement of the CCNc in a temperature-regulated container ensures that the sample temperature does not vary significantly throughout the experiments.

3. Results and Discussion {#sec3}
=========================

3.1. CCN Activity of NaCl and Artificial Sea Salt {#sec3.1}
-------------------------------------------------

The CCN activity of sea salt was measured and compared to that of pure NaCl. Measured critical supersaturations (*S*~*c*~) and the corresponding activation diameters are shown in Figure [2](#fig2){ref-type="fig"} for particles produced both by atomization and by bubble bursting. The results show that, regardless of production method (and the accompanying drying method), NaCl particles activated at smaller sizes than sea salt (both TMSS and LSS) particles at the same supersaturation. This observed difference in CCN activity is in agreement with predictions and observations that sea salt particles have lower hygroscopic growth factors than NaCl at RH \>75% (i.e., above the deliquescence RH of NaCl).^[@ref43],[@ref44]^ Other observed differences include a higher volatility of sea salt relative to NaCl.^[@ref43]^ These observations support the conclusion that the mixture of inorganic compounds in sea salt, though dominated by NaCl, affects the properties of the mixed particle relative to those of NaCl. Results from this study emphasize that, for studies in which CCN analyses are used to infer chemical composition and potential organic enrichment, it is important to account for the detailed composition of the sea salt rather than assuming that sea salt can be simply represented by NaCl.

![Observed critical supersations of NaCl and artificial sea salt particles. Bubbles were generated using the diffuser in artificial seawater having a salinity of 35‰. Uncertainties for dry diameter and supersaturation are shown for atomized TMSS data and are representative for all the data presented. Uncertainties were calculated as 2 times the standard deviation of measurements of activation diameter and CCNc column temperature gradient, respectively, from repeated experiments. *S*~*c*~ of NaCl particles predicted from Köhler theory for typical χ are also shown, as well as predictions for LSS.](es-2012-00574u_0003){#fig2}

Figure [2](#fig2){ref-type="fig"} includes theoretical CCN activation curves for NaCl and LSS, calculated from Köhler theory and using the AIM model to estimate water activity. The AIM model used in the case of the multicomponent LSS is based on work by Harvie et al.^[@ref45]^ Under the assumption of dilute conditions at droplet activation, the solution density and surface tension are assumed to be equal to those of water. Dynamic shape factors (χ) are incorporated in the calculations to represent different assumed morphologies of NaCl. Determination of χ, which is the ratio of the drag force on the particle to that on a spherical particle of identical volume,^[@ref46],[@ref47]^ is essential in accurate interpretations of data measurements involving the use of a DMA, which classifies particles by electric mobility and whose performance is defined for spherical particles. The nonspherical morphology of NaCl and other salt particles has been discussed in a number of previous studies.^[@ref48],[@ref49]^ More recent studies show the effect of particle drying rate and particle size on χ of submicrometer NaCl particles; the range of χ values reported in these studies is wide and indicates that NaCl particle morphologies range from nearly cubic to nearly spherical, depending on size and drying history.^[@ref17],[@ref18]^

The three χ values used to calculate the curves in Figure [2](#fig2){ref-type="fig"} are 1.00 (i.e., a sphere), 1.08 (i.e., a cube in the continuum regime), and 1.24 (i.e., a cube in the free-molecule regime). Observed CCN activities for NaCl particles from both atomization and bubble bursting are similar to those reported by Wang et al. for fast drying rates (101 RH s^--1^), i.e., the deviation as a function of size of measured data points for NaCl from the model line assuming χ = 1 could be explained by a dependence of shape factor on particle size, such that χ approaches 1.08 for dry particles less than 50 nm in diameter and decreases toward 1 for particles with larger diameters.^[@ref18]^ This type of deviation is also observed for the sea salts.

3.2. Particle Morphology {#sec3.2}
------------------------

A difference in NaCl and sea salt particle morphology, shown in this study to be independent of particle production and drying methods, is one possible explanation for the lower observed CCN activity and the lower hygroscopic growth factor of sea salt compared to that of NaCl. The possibility of morphological differences was investigated using analyses of AR from electron microscopy. [Figure S2](#notes-2){ref-type="notes"} shows scanning electron micrographs of atomized NaCl particles and TMSS particles generated from bubble bursting. In general, the morphologies of NaCl and sea salt samples in this study agree with TEM observations by Peart and Evans, who collected dried sea salt particles from film drops produced from bubble bursting.^[@ref50]^

[Table S1](#notes-2){ref-type="notes"} lists the AR calculated for each of the particle samples. The mean AR of PSL spheres verifies that they are the most spherical of the samples analyzed. Fuchs^[@ref51]^ provides an approach to convert AR to χ, but the particles must be assumed to be elliptical. Kumar et al.^[@ref52]^ found that this approach, used with mineral aerosol, resulted in values much lower than those determined from direct measurements. In this study, AR is not converted to corresponding χ values; they are provided solely for intercomparison. Data in [Table S1](#notes-2){ref-type="notes"} show that there is no distinct difference between AR values of NaCl and TMSS. However, AR is only one parameter of many that can be used to describe morphology from images, and the possibility still exists that sea salt particles are not identical to NaCl particles in shape. For example, Peart and Evans^[@ref50]^ note that there is some elongation of sea salt particles from film drops and suggest that this is due to the presence of Na~2~SO~4~, a constituent of sea salt whose crystals tend to have a rod-like shape. Further studies should be conducted to investigate the possibility that interactions between the multiple inorganic constituents of sea salt lead to irregular particle morphologies, such as a higher than expected porosity or concave surfaces with high curvatures that may result in condensation at higher observed supersaturations.

3.3. Bubble-Bursting in Mixed Salt-Organic Solutions {#sec3.3}
----------------------------------------------------

In the oceans, the sea surface microlayer is enriched in organic compounds relative to the subsurface bulk seawater,^[@ref53]^ for which one of many explanations may be input from bubble scavenging.^[@ref54]^ An initial assumption may be that the further a bubble travels through seawater, the larger the potential for the bubble to collect organic molecules suspended in the water. A thorough discussion of the challenges of replicating oceanic bubble residence times in the laboratory is found in Fuentes et al.,^[@ref6]^ who calculate that the time required for adsorption equilibrium to be reached is less than 0.05 ms, much shorter than typical bubble residence times in laboratory-scale sea spray tanks. This implies that properties of particles produced in sea spray tanks would not differ for varying bubble residence times longer than 0.05 ms.

We probe the effect of bubble residence time in our study by measuring CCN activity and size distribution for different bubble rise distances (RD). Bubbles were produced using the diffuser, whose height was adjusted in the water column of the tank between 2.5 and 26.5 cm below the water surface. The residence times in the bulk artificial seawater solution of bubbles in the size range measured by the bubble spectrometer (Figure [1](#fig1){ref-type="fig"}) were calculated using the parametrization of Clift et al.^[@ref55]^ ([Figure S3](#notes-2){ref-type="notes"}). The artificial seawater in the tank was a two-component mixture of varying mass ratios, where one component was salt and the second was an organic compound. Details of each experiment are listed in Table [1](#tbl1){ref-type="other"}.

###### Experimental Conditions of Bubble-Bursting Experiments

  experiment number   salt          organic      diffuser depth (cm below water surface)
  ------------------- ------------- ------------ -----------------------------------------
  1                   0.27 g NaCl   1 g NaLa     2.5
  2                   0.27 g NaCl   1 g NaLa     26.5
  3                   60 g NaCl     1 g NaLa     2.5
  4                   60 g NaCl     1 g NaLa     26.5
  5                   350 g TMSS    0.5 g NaLa   2.5
  6                   350 g TMSS    0.5 g NaLa   14.5
  7                   350 g TMSS    0.5 g NaLa   26.5
  8                   350 g TMSS    35 g Fr      2.5
  9                   350 g TMSS    35 g Fr      26.5
  10                  350 g TMSS    0.05 g SDS   2.5
  11                  350 g TMSS    0.05 g SDS   26.5
  12                  350 g TMSS    0.01 g PA    26.5
  13                  100 g NaCl    1 g NaLa     26.5
  14                  100 g NaCl    1 g NaLa     Jet
  15                  100 g NaCl    1 g Ma       Jet

Number size distributions from Exps. 5--11 are shown in Figure [3](#fig3){ref-type="fig"}. The shapes of the size distributions are similar for all diffuser depths and organic compounds presented, with the exception of a small second mode near 200 nm. The presence of a smaller mode near 200 nm was also observed by Allan et al., who reported measurements in a marine environment of Puerto Rico.^[@ref56]^ Another general observation in Figure [3](#fig3){ref-type="fig"} is the reduction in particle number concentration in the presence of stronger surfactants. We ascribe this to the surface layer being significantly more stable, resulting in less bubble bursting in the case of SDS than in the case of fructose.

![Number size distributions of particles produced from the diffuser at different depths (i.e., bubble RD) in the tank water column.](es-2012-00574u_0004){#fig3}

Figure [4](#fig4){ref-type="fig"}a shows CCN activities from Exps. 1--4, in which NaCl and NaLa were added to the solutions. The results show that there is no significant difference in CCN activity between the two RDs studied. There is arguably a slight decrease in CCN activity at small particle sizes from Exp. 3 (shorter RD) to Exp. 4 (longer RD), but this should be further investigated using more direct methods for characterizing aerosol composition. The reduction in CCN activity from that of pure NaCl in Exps. 1 and 2 is not surprising, given the larger mass fraction of organic matter over NaCl in the artificial seawater.

![Observed CCN activities of particles produced in the sea spray tank from artificial seawater containing salt and one organic compound. Typical uncertainties are shown in panel a and were calculated as described in the caption for Figure [2](#fig2){ref-type="fig"}. Experiment numbers corresponding to Table [1](#tbl1){ref-type="other"} are shown in parentheses in the legends. The solid line shows predicted *S*~*c*~ for NaCl with no correction for shape factor. (a) Measurements from seawater containing NaCl and NaLa. Depths of bubble generation from the diffuser are indicated in the legend. Measurements from diffuser-generated bubbles in solutions containing only NaCl and only NaLa are included for reference. The dashed line shows the parametrization of Prisle et al. based on measured CCN activities of NaLa particles atomized from an aqueous solution.^[@ref62]^ (b) Additional CCN measurements for varying depths of the diffuser below water surface. The artificial seawater in these experiments has a salinity (TMSS) of 35‰. The dashed line shows *S*~*c*~ calculated for NaCl particles with a shape factor of 1.24, which most closely agreed with observed measurements of sea salt particles (see Figure [2](#fig2){ref-type="fig"}). (c) Comparison of the two bubble generation methods using CCN measurements. Data from Exps. 13--15 are shown, along with observed CCN data of pure NaCl and pure NaLa particles from diffuser-generated bubbles. Inset: Number size distributions from the same experiments, where the dashed line represents data obtained from the diffuser, and the solid line represents data obtained using the jet.](es-2012-00574u_0005){#fig4}

Similar experiments were conducted using other organic molecules and a higher concentration of salt that is more typical of oceanic conditions. The results (Figure [4](#fig4){ref-type="fig"}b) are again not significantly dependent on RD. Moreover, they are indistinguishable from the observed CCN activity of TMSS, even in Exps. 8 and 9, in which the mass contribution of fructose is 10% that of TMSS. This indicates that the contribution of salt in the particle phase determines the CCN activity, as expected given the nonlinear effect of particle salt composition on CCN activity.^[@ref16]^ Due to the minimal effect of organic molecules on CCN activity, these results cannot determine whether or not typical bubble residence times in sea spray tanks are sufficient for organic molecules to reach adsorption equilibrium on bubble surfaces. More direct measurements of aerosol composition in the future are recommended to further address these questions.

The production of particles from bubble bursting may also be affected by the possibility of a concentration gradient as a function of depth in the artificial seawater, especially in the case of surfactant molecules with limited water solubility. The addition of salt has the effect of lowering water solubility further and has in fact long been known to lower the critical micelle concentration of surfactants in aqueous solution,^[@ref57]^ which would result in a larger concentration of surfactant molecules at the air--water interface. If the organic matter in the water were concentrated near the surface, then bubble residence time in the subsurface seawater solution would presumably be insignificant in aerosol composition. This could further explain our observation that no large effect on CCN activity is observed with changes in bubble residence times. However, this explanation may be less relevant for experiments in which surfactants were not added.

The CCN activities of particles produced using the two methods of bubble generation are compared in Figure [4](#fig4){ref-type="fig"}c (Exps. 13--15). The artificial seawater solution in these experiments contained 100 g of NaCl and 1 g of either NaLa or mannose. Number size distributions were measured (Figure [4](#fig4){ref-type="fig"}c inset). The concentration of particles from jet-generated bubbles is considerably lower than that from diffuser-generated bubbles, and the distribution is broader and shifted toward slightly larger diameters. Submicrometer particles from jet impingement through a 4-mm nozzle on a seawater solution with NaLa are less CCN active than those from the diffuser, for all superaturations investigated (corresponding to activation diameters between 52 and 112 nm). For example, at 0.3% supersaturation, the activation diameter for a particle produced using the diffuser is 52 ± 2 nm, only minimally larger than the activation diameter of a NaCl particle (cf. Figure [2](#fig2){ref-type="fig"} for observed activation diameters of NaCl particles as well as calculated activation diameters for various χ), while the same for a particle produced using the jet is 93 ± 4 nm. On the other hand, submicrometer particles from jet impingement on a solution containing NaCl and mannose do not exhibit a similar reduction in CCN activity relative to pure salt particles.

Visual inspection of the sea spray tank during experiments with NaLa revealed that there was a foam layer floating on the surface of the artificial seawater and that the foam layer was much thicker during jet impingement. The liquid flow rate of the plunging jet was approximately 4 L min^--1^, and the velocity of the liquid exiting the nozzle was approximately 5 m s^--1^. Higher flow rates were avoided, as they resulted in the foam layer filling the headspace. Jet impingement on the solution containing NaCl and mannose did not result in a foam layer. Given the absence of a significant reduction in observed CCN activity from jet impingement in Exp. 15, it may be concluded that a foam layer continuously ruptured and recreated by a plunging jet, which is the primary difference separating the two bubble generation methods, results in an aerosol population with a very different composition.

The observed difference in CCN activation between the two bubble generation methods is in agreement with observations by Fuentes et al.,^[@ref6]^ who reported an increase of 17% in *S*~*c*~ relative to that of NaCl when a plunging jet was used to generate particles from a tank with a solution containing T. rotula exudate (512 μM dissolved organic carbon (DOC) concentration). By comparison, *S*~*c*~ increased by only 11% when a porous bubbler was used. We speculate that the difference, though small as a consequence of low DOC, could be explained by dissimilar foam formation under the two bubbling methods.

The organic fraction of particles formed from jet-generated bubbles can be roughly estimated by comparing the observed CCN data with measurements by Prisle et al.^[@ref58]^ of mixed NaCl-NaLa particles whose fractional composition was systematically varied. The comparison suggests that the particles are composed of approximately 80% (by mass) NaLa. This is an approximation and is most likely dependent on particle size. Nevertheless, it strongly indicates organic enrichment, since the solute in the bulk seawater solution is only 1% (by mass) NaLa. The hygroscopicity parameter κ was also calculated for these experiments. In Exp. 14, κ ranges from 0.16 to 0.23, values that are considerably lower than those typical of NaCl. On the other hand, κ in Exp. 13 ranges from 0.89 to 1.41; these higher values are similar to κ calculated for NaCl particles having various shape factors.

The above results lead to the conclusion that, while there is little to no detectable effect from variations in residence times of bubbles from diffuser aeration, the CCN activity of submicrometer particles produced by jet impingement on artificial seawater containing an organic surfactant is substantially lower than that of diffuser-generated submicrometer particles from the same seawater solution. This indicates that bubble production methods used in sea spray tanks for aerosol studies are not equal, particularly when the seawater in the tank includes organic surfactants. Findings from this study as well as others using bubble spectra^[@ref6],[@ref8],[@ref25]^ suggest that the more appropriate method would be the plunging jet. Furthermore, our results suggest that formation of a stable foam layer can significantly change the chemical composition and CCN properties of sea spray particles compared to the properties of particles generated from the same water in the absence of foam. Given the ubiquitous nature of surfactants in the marine environment and the large fraction of ocean surface covered by foam, or whitecap, conditions,^[@ref59]−[@ref61]^ these considerations potentially affect a large number of future studies.

Table S1 and Figures S1--S3. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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